Satellites are typically subjected to large temperature variations due to its orbit, whereas some satellite's equipment sharp temperature limits must be observed in order not to jeopardize satellite's mission. Designed to operate in passive satellites' thermal control, space radiators can be a valuable asset, rejecting heat generated by electronic components and minimizing absorption of heat from external sources (especially the Sun). The present work presents a numerical methodology for performing the analysis of space radiators, and a comparison between a plane radiator and finned radiator in critical operating conditions is presented. The governing equations have been discretized in a two-dimensional grid using a finite volume scheme and the resulting system was solved using Thomas Algorithm in an iterative process, concatenated in two algorithms. The results obtained show the temperature profiles for both radiators studied and a performance analysis is performed, showing the best geometrical configuration for the finned radiator.
Introduction
In-orbit artificial satellites are subject to large temperature gradients, which are characterized by high temperatures when direct exposed to solar radiation, and by low temperatures when in eclipse. In addition to receiving the incoming Sun radiation and Earth's albedo, satellites have electric and electronic components that generate heat and sensitive components, such as batteries, which need special attention for their narrow temperature range (-5 to 25ºC). Consequently, satellite thermal design is a very important step in mission design and a space radiator can constitute an important feature in the passive thermal control, such as the SCD-1 Brazilian satellite [1] . Passive thermal control is usually preferred due to the lower cost, lower energy consumption, and higher reliability, especially in cases where the satellite's mission is for a long period [3] .
Background
The spectral distribution of extraterrestrial solar irradiation approximates that of a blackbody at 5800K, and approximately 98% of its radiation are within 0 and 3 m (solar band) spectrum. Space radiators, on the other hand, operating at temperatures below 400K, emit 99.8% of their radiation in the infrared spectrum (which wavelength is greater than 3 m). So, space radiators predominantly absorb radiation in the solar band and emit in the infrared band [4] . Consequently, it is common that a space radiator receives an optical treatment in order to lower its absorptivity in the solar band and increase its emissivity in the infrared band. Gilmore suggests that the absorptivity in the solar band should be less than 0.2 and the emissivity in the infrared band exceeds 0.8 [5] .
Some studies about space radiators are presented in the literature. Cuco et al. have developed a finned radiator with variable emissivity, which allows reducing the dependence for electric heaters. According to their study, the increased mass, which will elevate the costs, is compensated by the electrical energy saving. This energy saving is of great importance to projects of this kind, once it is a limited resource [6, 7] . In the work by Lieblein and Diedrich, the authors conducted an analysis on materials and geometries used in the construction of space radiators in order to evaluate the relation between mass, ease of manufacture and heat transfer rate provided by the device. They have concluded that the requirements outlined above are usually in conflict [7] . Garcia presented a one-dimensional numerical model that analyses the multimode heat transfer in a radiator with rectangular fins as shown in Fig. 1 . The study shows the good performance of the radiator, the temperature profile in the base set flip, radiation, and heat loss through radiation. [8] . Silva and Garcia studied the transverse conductivity of an aluminium honeycomb panel for satellites. Using the software SINDA/FLUINT, the numerical results were compared with analytical and experimental results for the numerical model validation and optimization [9] . Kumar et al. proposed a space radiator number-of-fins-based optimization with rectangular fins and the consequent increase of the weight of the radiator. The authors present the results obtained in terms of heat transfer rate for various numbers of flaps built with three different materials (aluminium, steel and brass) [10] .
Mathematical Model and Boundary Conditions
Given the high cost of performing experiments on orbit [1] , numerical simulation is valuable and cost-effective alternative. The present work develops a mathematical model for the space radiator proposed by Garcia [8] in a 2-D Cartesian mesh using a finite volume scheme. The aim here is to study the radiator's behavior under critical operation conditions, called operation in the hot and cold cases. The analysis of the hot case considers the period with lowest exposure to eclipse and the highest incidence of solar radiation and the Earth's albedo. In the cold case, the satellite remains a longer under the eclipse thus causing a decrease in incidence solar and Earth's albedo radiation [2] .
Considering the space radiator shown in Fig. 1 with flat rectangular fins equally spaced and with the same length and thickness, it is possible to treat the problem using the fact that the analysis for one set of fins (as shown in Fig. 2 ) can be extended for the whole radiator, with the boundary fins not considered.
The surface arrangement is characterized by the presence of a symmetry axis. It corresponds to the fact that the radiosities leaving surfaces S4 and S2 reach surface S3 with the same intensity. In addition, the net rate of radiation exchanged between S2 and S4 is zero. The radiosities from S2, S3 and S4 that reach space can be computed by adding the hypothetical surface S6 (see Fig. 2 ). Garcia (1996) [8] . The present study considers also the following assumptions. 1. Solar radiation focused perpendicularly to the base of the radiator, surface S3 2.
Constant and temperature-independent thermo-optical properties 3.
Uniform properties 4.
Two-dimensional conduction heat transfer 5.
Steady state 6.
No presence of heat generation 7.
Isotropic Material 8. Unit depth to surfaces the surfaces of Fig. 2 
9.
Adoption of the band model (solar and infrared) 10.
Independent spectral emissivity and spectral reflectivity of λ on the two bands (gray surfaces) HTFF 102-3
11.
Plate and opaque surfaces (ρ = 1 -ε) 12.
Diffuse surfaces 13. α = ε for each band (solar and infra-red) 14.
Prescribed heat flux from the satellite and the bottom surface of the radiator (see Fig. 4 ) 15.
Negligible boundary effect.
The parameters of the radiator in the study are those proposed by Garcia [8] and are presented in Table 1 . Table 2 presents the boundary conditions of heat flux emanating from the electronic devices (see Fig. 1 ) and solar incidence of hot and cold cases.
The conservation equations have been applied to the physical model and, with the considerations shown above, resulted in a system of integral-partial differential equations, which constitute a set of equations of elliptic mathematical type. Therefore, the equations have been integrated using an essentially centered (i.e. with no artificial dissipation) finite volume scheme, therefore resulting in a system of linear algebraic equations, which has been solved using Thomas' algorithm. An iterative process performed in parallel were used to calculate the temperature profile in the base of the radiator. In Fig. 3 it is presented the computational domain, which corresponds to half of the geometric domain shown in Fig. 2 , with a mesh, and boundary conditions.
In order to present the discretizing method, we begin by considering the conservation equations. Fourier's law under the presented considerations takes the form:
Discretizing equation (1) according to the finite volume scheme proposed by Gasparini, we obtain [11] [
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Obtaining the equations related to heat transfer by radiation is done using the band model, which subdivides the range of active wavelengths into finite bands within which the radiation properties are assumed grey [12, 13] . In the presented case, the band model separates solar and infrared bands, which results in the equations (3) and (4).
In Eq. (3) and Eq. (4),
is known as the view factor, which is defined by the fraction of radiation leaving the surface i that is intercepted by the surface j . The view factors for the surfaces in Fig. 3 were obtained analytically from the definition as presented in Sparrow and Cess [12] . Radiation heat flux on surface S1:
Radiation heat flux on surfaces S2 and S3:
The above equation represents the difference between the radiation emitted in the infrared band and the absorbed radiation in the solar band for each surface of the radiator. As can be seen, the term 4 i T is nonlinear. Such nonlinearity was solved using the Taylor series, as described by Shih [14] ,
where ) , ( y x T represents an initial estimate for the temperature. The imposition of the described boundary conditions is done as follows. According to Fig. 3 
, we have: 1)
For points on S1:
2) For points on S2:
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3)
For points on S3:
4)
For points at P1:
5)
For points at P2:
6)
For points at PEL:
Dimensionless characteristic distances used:
In order to perform a parametric analysis of the radiator and determine the best geometric characteristic parameters for heat dissipation, effectiveness parameter  was defined as the rate between the total heat flux obtained with the finned radiator and the total heat flux attained using the plan radiator in the same conditions, i.e., ≡ ″ / ″ . (15) The model's validation has been performed by comparing results with those obtained using FlexPDE proprietary software for different conditions, and with those obtained by Garcia [8] . The grid analysis showed that no gain is obtained with a grid with more than 4000 elements, although the computational costs increase.
Numerical Solution
The algorithm was developed using Fortran language, and it initializes by loading information such as thermo-optical parameters, view factors, the pseudo initial condition, boundary conditions and convergence criteria. Next, the program calculates the solar band radiosities, which do not depend on the surface temperatures. On the other hand, the radiosities in infrared band depend on the surface temperatures. Therefore, the pseudo initial conditions introduced at the initialization were used for such calculations. The calculated radiosities were then used to start the iterative process: the linear system of equations is solved using Thomas algorithm and then the new temperatures obtained override the previous temperatures and the process repeats until the difference between the temperatures of two consecutive iterations is less than the specified tolerance. After convergence is obtained, the radiation heat flux at all surfaces is calculated using 1/3 Simpson's rule as proposed by Campos [15] . In addition, radiosities leaving the surfaces towards the space are also calculated. Finally, in order to verify the results, the algorithm carries out the radiation energy balance as proposed by Garcia [8] . Fig. 4 outlines the algorithm's flowchart.
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Results
While the computational model determines the full temperature profile, results are only presented for the external surfaces since they have the strongest influence on radiator design by the fact that the radiation emitted by the radiator depends only on such temperatures. Fig. 5 presents the temperature profile on the surface S2 for the hot case compared to an equivalent conventional flat plate radiator. Temperature gradients observed on S2 demonstrate good performance of the fin radiator. The low gradients caused by the use of a high thermal conductivity surface and a thin radiator. Fig. 6 presents the temperature profile on the S2 for the cold-case. The results show the same behavior obtained for the hot case, once again demonstrating the effectiveness of the finned radiator. Figure 8 presents the effectiveness parameter  for different geometric configurations of the finned radiator in the same operation conditions. The results show that the geometrical configuration of the fins is a significant design factor. As can be seen in Fig. 8 , the effectiveness decreases when the fins become too long. This can be explained by the fact that long fins will tend to induce a cavity effect between them by entrapping radiation leaving the radiator surfaces, while it has no effect on the incoming Sun irradiation. On the other hand, the results show that fins cannot be too short for the distance between then below 0.3m, otherwise its heat dissipation potential is not fully exploited. Finally, Fig. 8 indicates that the relation L/D should not be superior to 0.5 in order to maximize the effectiveness.
For all the results presented, the specified tolerance was 10 -10 and convergence was obtained. 
Conclusions
The work proposes a computational model for a finned space radiator to be used on a surface satellite aiming to increase its capacity of heat dissipation to the space, and therefore lowering the temperatures on the satellite. Two critical operational conditions were simulated. The two-dimensional approach did not provide very different results from those found with a one-dimensional approach presented by Garcia [8] . The fact that the no grid refinement was used near the walls introduced some divergences on the results to those obtained by the author. In the present work, it was bypassed with the use of a whole refined grid, which increased the computational costs. This suggests that for the analyzed geometries, the 1-D method proposed by Garcia [8] is reasonable.
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The results show that the finned radiator promotes a more effective heat exchange between the satellite's equipment and space. As a result, a smaller area of the satellite's surface is needed for heat dissipation purposes. It also provides the satellite's interior to be in appropriate conditions for the most critic equipment. Cold case analysis shows that even in the absence of solar radiation, the radiator does not compromise the satellite's operation due to radiator's high thermal conductivity. Therefore, the use of finned radiator for satellites' thermal control may can make heat pipes and heaters unnecessary. This fact, coupled with the low cost of production and the economy of area provided by the finned radiator demonstrate advantages of using such a device in the thermal control of satellites. Finned radiators are also mechanically reliable due to the absence of moving parts.
In future work, the use of adaptive-grid generation with parabolic partial differential equation as proposed by Noack and Anderson [16] should be investigated. A more realistic condition for the Sun irradiation will also be considered instead of the solar radiation focused perpendicularly to the base of the radiator. 
Nomenclature

